INTRODUCTION
Under environmental conditions, plants are exposed to various types of abiotic (high light, heat, cold, drought, flooding, salinity, heavy metals) or biotic (pathogens, parasitic plants, pests) stress conditions. Response of plants to high light is associated with formation of singlet oxygen ( 1 O 2 ) in PSII. Singlet oxygen is formed by triplet-singlet energy transfer from triplet chlorophyll ( 3 Chl*) to molecular oxygen (Triantaphylides and Havaux, 2009; Fischer et al., 2013; Telfer, 2014; Posp ı sil, 2016) . The formation of 3 Chl* occurs either by the intersystem crossing in the PSII antenna complex from singlet chlorophyll or via the charge recombination of triplet radical pair 3 [P680 (Aro et al., 2005; Ledford and Niyogi, 2005; Van Breusegem and Dat, 2006; Farmer and Mueller, 2013; Posp ı sil and Yamamoto, 2017) . Among many low molecular weight antioxidants, lipophilic prenylquinols (tocochromanols and isoprenoid quinols) play a crucial role in quenching of 1 O 2 .
Tocochromanols involve tocopherols, tocotrienols and plastochromanol-8 (PC-8). Isoprenoid quinols comprise plastoquinols (PQH 2 -9) and their oxidation products, which consist of plastoquinone-9 (PQ-9), hydroxyplastoquinone-9 [PQ(OH)-9] and trihydroxyplastoquinone-9 [PQ(OH) 3 -9; Figure 1] . Prenylquinols quench 1 O 2 either by the excitation energy transfer (physical quenching) or by electron transport (chemical quenching; Foote et al., 1970; Gorman et al., 1988; Mukai et al., 1993; Munn e-Bosch, 2005) . Physical quenching of 1 O 2 by prenylquinols occurs by electron transfer producing singlet exciplex known to undergo to triplet exciplex via intersystem crossing followed by the dissociation to prenylquinol and molecular oxygen (Gorman et al., 1988) . Chemical quenching of 1 O 2 by prenylquinols proceeds through their oxidation, forming various types of oxidation products (Mene-Saffrane and Dellapenna, 2010; Kruk et al., 2016) . Tocochromanols contain a common chromanol ring and either a saturated (tocopherol) or unsaturated (tocotrienol and PC-8) polyprenyl side-chain (Trebst, 2003; Kruk et al., 2005 Kruk et al., , 2014 KriegerLiszkay and Trebst, 2006; Dormann, 2007) . Due to their aromatic chromanol ring, tocochromanols are effective antioxidants of 1 O 2 ; however, the chromanol ring limits the mobility of tocochromanols and thus decreases the probability of their interactions with 1 O 2 . Plastoquinols and their oxidation products contain either a quinol or quinone ring, and an unsaturated polyprenyl side-chain (Eugeni Piller et al., 2012) . Due to the quinol ring, PQH 2 -9 seems to be less effective in chemical quenching of 1 O 2 than tocochromanols; however, as a result of its high mobility (Jemiola-Rzeminska et al., 2003) , PQH 2 -9 has been shown to have an efficient 1 O 2 chemical quenching activity within artificial lipid membranes (Gruszka et al., 2008) . by PQH 2 -9 were previously provided mainly based on the protective effect on lipids, the consumption of PQH 2 -9 content and the formation of oxidation products of PQH 2 -9. It has been recently demonstrated that SOLANESYL DIPHO-SPHATE SYNTHASE 1 overexpressing (SPS1oex) Arabidopsis plants, known to possess enhanced PQH 2 -9 and PC-8 biosynthesis, exhibit a lower level of lipid peroxidation (Ksas et al., 2015) . A decrease in PQH 2 -9 content was demonstrated after the addition of inhibitor of hydroxyphenylpyruvate dioxygenase involved in PQH 2 -9 and tocopherol biosynthesis in Chlamydomonas cells (Kruk et al., 2005; Kruk and Trebst, 2008) . In agreement with this observation, it has been recently demonstrated that exposure of Arabidopsis leaves to high light resulted in pronounced consumption of PQH 2 -9 (Ksas et al., 2015) . Several oxidation products formed by the interaction of 1 O 2 with PQH 2 -9 were recognized during the past two decades. Production of PQ-9 by the interaction of 1 O 2 with PQH 2 -9 was demonstrated in Chlamydomonas cells (Kruk and Trebst, 2008) . PQ(OH)-9 (denoted as plastoquinone-C, PQ-C) formed by the interaction of 1 O 2 with PQ-9 was identified in spinach (Kruk and Strzalka, 1998) and Arabidopsis . In a chemical system with exogenous plastoquinols and 1 O 2 generated by photosensitizers, PQ(OH) 3 -9 was found to be formed by interaction of 1 O 2 with PQ(OH)-9 (Gruszka et al., 2008) ; however, PQ(OH) 3 -9 has never been found in vivo. Chemical quenching of 1 O 2 by PQH 2 -9 was previously observed using electron paramagnetic resonance (EPR) spectroscopy (Yadav et al., 2010) . It was shown that the addition of exogenous PQH 2 -9 to PQ-depleted spinach PSII membranes pronouncedly suppressed 1 O 2 production. However, spectroscopic evidence for chemical quenching of 1 O 2 by plastoquinols and their oxidation products has not been provided yet in vivo. In the present study, 
RESULTS

Singlet oxygen formation
Detection of 1 O 2 formation in leaves was performed by confocal laser scanning microscopy using the fluorescent probe singlet oxygen sensor green (SOSG). SOSG reacts selectively with 1 O 2 forming a fluorescent SOSG endoperoxide (SOSG-EP) by the cycloaddition of 1 O 2 (Flors et al., 2006) . Figure 2 shows localization of SOSG-EP fluorescence in leaf tissues of control and high light-exposed WT and SPS1oex Arabidopsis. In the dark, no SOSG-EP fluorescence was observed in control and high light-exposed WT and SPS1oex. After illumination of samples with red light, the SOSG-EP fluorescence was observed in chloroplasts from the spongy mesophyll cells of all plants. In addition, SOSG-EP fluorescence in high light-exposed WT and SPS1oex was higher as compared with control plants. Interestingly, SOSG-EP fluorescence in SPS1oex was noticeably lower as compared with WT. These observations indicate that a decrease in 1 O 2 formation in high light-exposed SPS1oex Arabidopsis occurs due to chemical quenching activity of plastoquinols and their oxidation products.
To determine 1 O 2 formation in broken chloroplasts isolated from WT and SPS1oex Arabidopsis, EPR spectroscopy was performed using the hydrophilic diamagnetic spin probe 2,2,6,6-tetramethyl-4-piperidone (TMPD; Figure 3) . The oxidation of TMPD by 1 O 2 yields paramagnetic 2,2,6,6-tetramethyl-4-piperidone-1-oxyl (TEMPONE; Moan and Wold, 1979) . When pure TMPD was illuminated with white light, no TEMPONE EPR signal was observed. In the dark, no TEMPONE EPR signal was observed in broken chloroplasts from control and high light-exposed WT and SPS1oex, whereas illumination of samples with white light in the presence of TMPD resulted in the appearance of the TEMPONE EPR signal (Figure 3a) . TEMPONE EPR signal from broken chloroplasts from SPS1oex decreased as compared with WT. TEMPONE EPR signal from broken chloroplasts from high light-exposed WT increased twice as compared with control WT (Figure 3b ). Interestingly, TEMPONE EPR signal from broken chloroplasts from high light-exposed SPS1oex increased twice as compared with control SPS1oex. This evidence shows that plastoquinols and their oxidation products effectively decrease 1 O 2 formation in control and high light-exposed SPS1oex Arabidopsis.
To determine chemical quenching of 1 O 2 , formed by the photosensitizer Rose Bengal, by PQ-n with different sidechain length (PQ with n isoprenoid units in the side-chain), EPR spectroscopy was performed using TMPD ( Figure S1 ). In the dark, no TEMPONE EPR signal was observed, whereas exposure of Rose Bengal to white light in the presence of TMPD resulted in the appearance of the TEM-PONE EPR signal ( Figure S1 ). The TEMPONE EPR signal (a) (b) Figure 3 . Singlet oxygen formation in broken chloroplasts from control and high light-exposed wild-type (WT) and SPS1oex Arabidopsis detected by electron paramagnetic resonance (EPR) spin-trapping spectroscopy.
(a) TEMPONE EPR spectra detected after 30 min white light treatment (1000 lmol photons m À2 sec À1 ) of broken chloroplasts in the presence of 50 mM TMPD.
TEMPONE EPR spectrum of pure probe (bottom spectrum) was obtained with illumination of 50 mM TMPD and 40 mM MES-NaOH buffer (pH 6.5) with white light (1000 lmol photons m À2 sec À1 ) for 30 min.
(b) The intensity of the TEMPONE EPR signal was determined by measuring the relative height of the central peak of the EPR absorption spectrum. Presented data are mean values (n = 3), AESD. The asterisk indicates a significant difference between control and high light-exposed WT and SPS1oex (Student's t-test). Significant differences were confirmed also between WT and SPS1oex (ANOVA).
from PQ-n decreased with the length of the side-chain in the following order: PQ-1 > PQ-2 > PQ-3 > PQ-4 > PQ-5 > PQ-9. These observations indicate that the chemical quenching of 1 O 2 is dependent on the length of PQ-n sidechain.
Prenylquinols quantification
A high-performance liquid chromatography (HPLC) method was used to evaluate the amount of prenylquinols in leaves and broken chloroplasts from WT and SPS1oex Arabidopsis exposed to high light. Figure S2 shows the content of PQH 2 -9, PQ-9 and total PQ-9 (PQH 2 -9 + PQ-9) in leaves and broken chloroplasts. The content of PQH 2 -9, PQ-9 and total PQ-9 levels was comparatively higher in SPS1oex compared with in WT. After exposure to high light, the content of PQH 2 -9, PQ-9 and total PQ-9 noticeably decreased as compared with control, presumably due to chemical quenching activity in high light. Apart from plastoquinols and their oxidation products, the content of PC-8 in leaves and broken chloroplasts was determined (Figure S3a and b) . No considerable changes in the content of PC-8 in control and high light-exposed leaves and broken chloroplasts were detected.
Formation of plastoquinol-9 oxidation products
Figure 4 shows representative chromatograms of PQH 2 -9 oxidation products in high light-exposed Arabidopsis. The peaks at the retention time of 48 min and of about 15 min coincide with PQ-9 and PQ(OH)-9, respectively. The peak at the retention time of about 7 min that corresponds to PQ (c) Figure 5 . Content of oxidation products of plastoquinol-9 (PQH 2 -9) in control and high light-exposed wild-type (WT) and SPS1oex Arabidopsis determined by high-performance liquid chromatography (HPLC). Total plastoquinone-9 (PQ-9) (a), total hydroxyplastoquinone-9 [PQ(OH)-9] (b) and total trihydroxyplastoquinone-9 [PQ(OH) 3 -9] (c) contents in control and high light-exposed WT, SPS1oex #12 and #3. The presented data are mean values (n = 3), AESE. Total = oxidized + reduced. The asterisk indicates the significant difference between control and high lightexposed WT and SPS1oex (Student's t-test). Significant differences were confirmed also between WT and SPS1oex (ANOVA).
(OH) 3 -9 was never identified before in vivo. To confirm plastoquinols and their oxidation products, a standard containing solution of illuminated PQ-9 with Rose Bengal was used ( Figure 4 , bottom chromatogram). The chromatogram shows that peaks of all detected PQH 2 -9 oxidation products in SPS1oex considerably increased as compared with WT. It is obvious that PQ(OH)-9 and PQ(OH) 3 -9 peaks show the contribution of various PQ(OH)-9 and PQ(OH) 3 -9 isomers ( Figure 4 ). These results show that the oxidation of PQ (OH)-9 by 1 O 2 results in PQ(OH) 3 -9 formation in Arabidopsis. To determine oxidation products of PQH 2 -9 in WT and SPS1oex Arabidopsis exposed to high light, total PQ-9, PQ (OH)-9 and PQ(OH) 3 -9 were measured by HPLC ( Figure 5 ). The amount of total PQ-9 formed in SPS1oex was remarkably higher as compared with WT ( Figure 5a ). The total PQ-9 levels decreased noticeably in high light-exposed WT and SPS1oex as compared with control plants. The level of total PQ(OH)-9 produced in control SPS1oex increased as compared with WT ( Figure 5b ). The total PQ(OH)-9 formed in high light-exposed SPS1oex substantially increased as compared with control WT and SPS1oex. These data demonstrate that the oxidation of total PQ-9 by 1 O 2 produces total PQ(OH)-9. The amount of PQ(OH) 3 -9 was measured in control and high light-exposed SPS1oex leaves ( Figure 5c ). The total PQ(OH) 3 -9 content produced in high light-exposed WT and SPS1oex plants increased as compared with control plants. The total PQ(OH) 3 -9 generated in high light-exposed SPS1oex increased noticeably as compared with WT.
Organic hydroperoxides formation
Organic (lipid, protein and PQ-9) hydroperoxides (ROOH) was detected in leaves by confocal laser scanning microscopy using the fluorescent probe 2-(4-diphenylphosphanyl-phenyl)-9-(1-hexyl-heptyl)-anthra[2,1,9-def,6,5,10-d'e'f'] diiso-quinoline-1,3,8,10-tetraone (SPY-LHP). SPY-LHP is highly selective to ROOH forming a SPY-LHPox fluorescent complex (Soh et al., 2007) . Figure 6 presents the localization of SPY-LHPox fluorescence measured within cells of control and high light-exposed WT and SPS1oex Arabidopsis leaves. In the dark, a low SPY-LHPox fluorescence was observed in chloroplasts of spongy mesophyll cells of both control and high light-exposed WT and SPS1oex. After the illumination of samples with red light in the presence of SPY-LHP probe, the SPY-LHPox fluorescence increased, especially in high light-exposed WT and SPS1oex. SPYLHPox fluorescence in both control and high light-exposed SPS1oex negligibly decreased as compared with WT.
To determine ROOH formation in broken chloroplasts isolated from WT and SPS1oex Arabidopsis, fluorescence spectroscopy was performed using fluorescent probe SPY-LHP. Figure S4 presents the SPY-LHPox fluorescence spectra ( Figure S4a ) and the SPY-LHPox fluorescence intensity ( Figure S4b ) measured in broken chloroplasts from control and high light-exposed WT and SPS1oex. The SPY-LHPox fluorescence formed in high light WT and SPS1oex is 2.5 times higher as compared with control. The SPY-LHPox fluorescence in SPS1oex did not differ significantly from WT. In further, the measurement of plastoquinone- Figure 6 . Organic hydroperoxides imaging in control and high lightexposed wild-type (WT) and SPS1oex Arabidopsis monitored by confocal laser scanning microscopy. Arabidopsis were kept under low light (120 lmol photons m À2 sec
À1
, 8 h and 25°C) (control) or exposed to high light (1000 lmol photons m À2 sec À1 , 13 h and 8°C) (high light). Prior to measurement, leaves were kept in the dark or illuminated with red light (1000 lmol photons m À2 sec À1 ) for 30 min in the presence of 50 lM SPY-LHP. The images represent a combination of the Nomarski DIC and fluorescence channels. Scale bar: 40 lm.
hydroperoxides (PQ-n hydroperoxides) produced by 1 O 2 reaction with PQ-n was performed using SPY-LHP fluorescence probe ( Figure S5 ). The amount of PQ-n hydroperoxides increased with the length of the side-chain in the following order: PQ-1 < PQ-2 < PQ-4 < PQ-9. After the addition of ferrous iron, the amount of PQ-9 hydroperoxides noticeably decreased. These data show that PQ-n hydroperoxide formation is dependent on the length of the PQ-n side-chain.
Formation of organic radical
For detection of organic radical (R • ), EPR spin-trapping spectroscopy was performed using a-(4-pyridyl-1-oxide)-Ntert-butylnitrone (POBN) as spin-trap ( Figure 7 ). Interaction (a) (b) Figure 7 . Organic radical formation in broken chloroplasts from control and high light-exposed wild-type (WT) and SPS1oex Arabidopsis detected by electron paramagnetic resonance (EPR) spin-trapping spectroscopy.
(a) POBN-R adduct EPR spectra detected after 30 min white light treatment (1000 lmol photons m À2 sec À1 ) of broken chloroplasts in the presence of 50 mM POBN.
(b) The intensity of POBN-R adduct EPR signal was determined by measuring the relative height of the central peak of the EPR absorption spectrum. Presented data are mean values (n = 3), AESD. The asterisk indicates the significant difference between control and high light-exposed WT and SPS1oex (Student's t-test). Significant differences were confirmed also between WT and SPS1oex (ANOVA).
of diamagnetic POBN with R • forms paramagnetic POBN-R adduct (Buettner, 1987) . No POBN-R adduct EPR signal was observed in broken chloroplasts from control and high light-exposed WT and SPS1oex in the dark, while the illumination of samples with white light in the presence of POBN resulted in the detection of the POBN-R adduct EPR signal (Figure 7a ). The intensity of POBN-R adduct EPR signal decreased in broken chloroplasts from SPS1oex as compared with WT. In broken chloroplasts from control SPS1oex, POBN-R adduct EPR signal slightly decreased as compared with WT. POBN-R adduct EPR signal from broken chloroplasts from high light-exposed WT increased by about half as compared with control WT (Figure 7b ). Interestingly, POBN-R adduct EPR signal from broken chloroplasts from high light-exposed SPS1oex decreased by onethird as compared with high light-exposed WT. The decline of R • due to the scavenging activity of plastoquinols and their oxidation products was observed in control and high light-exposed SPS1oex Arabidopsis. chemical quenching (Ksas et al., 2015) , their consumption followed by formation of oxidation products (Kruk and Trebst, 2008; Szymanska and Kruk, 2010; Nowicka and Kruk, 2012; Ksas et al., 2015) , and direct chemical quenching of 1 O 2 in vitro (Yadav et al., 2010 from the Q B pocket via channels to the PQ pool in the thylakoid membrane. Limited diffusion of PQH 2 -9 through lipids in the membrane with the quinol ring oriented toward the lumen side of the thylakoid membrane maintains the optimal conditions for interaction of 1 O 2 with both the quinol ring and polyprenyl side-chain during its diffusion to the quinol binding site of cytochrome b 6 f (Kirchhoff et al., 2000; Kargul and Barber, 2008) . Diffusion of plastoquinols and their oxidation products across the thylakoid membranes maintains effective quenching of 1 O 2 known to diffuse to distances about 10 nm (Sies and Menck, 1992; Skovsen et al., 2005) . In this study, plastoquinols and their oxidation products were shown to prevent formation of the primary products of lipid peroxidation, lipid hydroperoxides (Figure 6 ), which decompose to the secondary products of lipid peroxidation, hydroxy octadecatrienoic acid (Ksas et al., 2015) . Lipid hydroperoxides can be oxidation and reduced to lipid peroxyl and alkoxyl radicals, respectively (Stratton and Liebler, 1997) . These radicals participate in the propagation of lipid peroxidation resulting in the formation of lipid alkyl radical (Figure 7 ; Farmer and Mueller, 2013) . It is proposed here that the interaction of 1 O 2 with plastoquinols and their oxidation products both increases the formation of PQ-9 hydroperoxides and decreases the production of lipid hydroperoxides. Our current data on the detection of ROOH do not completely allow us to distinguish between lipid and PQ-9 hydroperoxides. The slight changes in the formation of ROOH in chloroplasts detected by microscopic techniques in vivo can be explained by a decrease in the production of lipid hydroperoxides and a simultaneous increase in PQ-9 hydroperoxides ( Figure 6 ). The decrease in lipid hydroperoxides is almost compensated by the increase in PQ-9 hydroperoxides. This hypothesis is supported by the fact that the number of bound lipid molecules per PSII monomer was reported to be comparable to plastoquinols and their oxidation products (Ksas et al., 2015; Wei et al., 2016) . It has to be mentioned that the observed chemical quenching of 1 O 2 and the prevention of lipid peroxidation in SPS1oex plants might be partially caused by PC-8; however, as the amount of PC-8 in SPS1oex is 40 times less than plastoquinols and their oxidation products ( Figure S2 ), its contribution is likely to be negligible. with plastoquinols and their oxidation products and the formation of their oxidation products is described below; however, alternative reaction pathways cannot be excluded.
Plastoquinols and their oxidation products
Oxidation of PQH 2 -9 by singlet oxygen forms PQ-9. From the obtained results, it is shown here that the content of PQH 2 -9 decreased after exposure of Arabidopsis to high light ( Figure S1 ). , 2012) . Due to the re-reduction of PQ-9 to PQH 2 -9 by PSII, it is assumed that one molecule of PQH 2 -9 can quench several 1 O 2 molecules. It is well established that rereduction of PQ-9 to PQH 2 -9 occurs by NADH dehydrogenase complex in the dark (Rumeau et al., 2007) , and by the primary quinone electron acceptor of PSII (Q A ) in the light (Lambreva et al., 2014) . It is proposed here that 1 O 2 interacts with the PQH 2 -9 in the initial period of high light stress when PSII sufficiently re-reduces PQ-9 to PQH 2 -9 (Figure 8 ).
Once the re-reduction of PQ-9 becomes inefficient, the reaction of 1 O 2 with the polyprenyl side-chain of PQ-9 becomes predominant (Figure 8 ). O 2 is illustrated. After PQH 2 -9 oxidation with 1 O 2 , a well-known product plastoquinone-9 (PQ-9) via PQH • -9 is formed, producing two molecules of HO 2
• that dismutate into H 2 O 2 . Subsequently, reaction of PQ-9 with another 1 O 2 leads to hydroxyplastoquinone-9 [PQ(OH)-9] through decomposition of PQ-9 hydroperoxide by: (1) radical reaction pathway comprising of PQ-9 alkoxyl radical as intermediate; or (2) non-radical reaction pathway caused by enzymes of the glutathione peroxidase (GPX) or thioredoxin peroxidase (TrxPX) families. Following oxidation of PQ(OH)-9 probably proceeds similarly through PQ (OH)-9 hydroperoxide decomposition by a radical or non-radical reaction to dihydroxyplastoquinone-9 [PQ(OH) 2 -9] from which trihydroxyplastoquinone-9 [PQ(OH) 3 -9] is produced via PQ(OH) 2 -9 hydroperoxide in the same way. [Colour figure can be viewed at wileyonlinelibrary.com].
Oxidation of PQ-9 by singlet oxygen forms PQ(OH)-9. As we observed, the content of PQ-9 decreased (Figure 5a) , and simultaneously the content of PQ(OH)-9 enhanced (Figure 5b ) after exposure of Arabidopsis to high light. It is proposed here that the oxidation of PQ-9 to PQ(OH)-9 by 1 O 2 produces PQ-9 hydroperoxides (Figure 8 ). In the first reaction, the addition of 1 O 2 by ene reaction to the carbon with the lowest electronegativity linked to two prenyl units of the PQ-9 polyprenyl side-chain produces PQ-9 hydroperoxides. In agreement with this proposal, our results show that the oxidation of PQ-n by 1 O 2 formed by illumination of Rose Bengal produces PQ-n hydroperoxides ( Figure S5 ). In the second reaction, PQ-9 hydroperoxides decompose to PQ(OH)-9. It is proposed that PQ-9 hydroperoxides decompose to PQ-9 hydroxides via either radical or non-radical reaction pathway. In the radical reaction pathway, the reduction of PQ-9 hydroperoxides by trace amounts of catalytic transition metal as ferrous iron or copper results in the formation of PQ-9 alkoxyl radical (Figure 8 ). The observation that ferrous iron decreased the content of PQ-9 hydroperoxides confirms the decomposition of PQ-9 hydroperoxides ( Figure S5 ). Subsequently, hydrogen abstraction from nearby biomolecules by PQ-9 alkoxyl radical may lead to the formation of R • and PQ(OH)-9 (Figure 8) . When R • is not properly quenched, it might oxidize another lipid leading to propagation of lipid peroxidation.
In the non-radical reaction pathway, the decomposition of PQ-9 hydroperoxides to PQ-9 hydroxides possibly occurs by enzymes such as glutathione peroxidase (GPX) or thioredoxin peroxidase (TrxPX). In this reaction, GPX or TrxPX catalyses two electron reduction of PQ-9 hydroperoxides to PQ(OH)-9 (Figure 8 ).
Oxidation of PQ(OH)-9 by singlet oxygen forms PQ(OH) 3 -9. Evidence for the formation of PQ(OH) 3 -9 in leaves provided in this study shows that the content of PQ(OH) 3 -9 is enhanced after exposure of Arabidopsis to high light (Figures 4 and 5c) . It is hypothesized here that the interaction of PQ(OH)-9 with 1 O 2 might produce dihydroxyplastoquinone-9 [PQ(OH) 2 -9] as a plausible oxidation product. Unfortunately, PQ(OH) 2 -9 has not been identified yet. It is proposed here that the oxidation of PQ(OH)-9 to PQ(OH) 2 -9 occurs in a similar manner as the oxidation of PQ-9 to PQ (OH)-9, including intermediates such as PQ(OH) 2 -9 hydroperoxides and PQ(OH) 2 -9 alkoxyl radical (Figure 8 ). The hypothesized non-enzymatic reaction pathway of PQ (OH) 3 -9 formation comprises of the oxidation of PQ(OH) 2 -9 by 1 O 2 to PQ(OH) 2 -9 hydroperoxides. This reaction is followed by decomposition of PQ(OH) 2 -9 hydroperoxides to PQ(OH) 2 -9 alkoxyl radical and as a result hydrogen abstraction from a nearby biomolecule by PQ(OH) 2 -9 alkoxyl radical, and PQ(OH) 3 -9 is formed (Figure 8 ). The enzymatic reaction pathway might plausibly occur by reduction of PQ (OH) 2 -9 hydroperoxides to PQ(OH) 3 -9 by GPX or TrxPX enzymes (Figure 8) . Obviously, the following oxidation reactions that generate the formation of other multiple PQ-9 hydroxides on polyprenyl side-chain cannot be excluded. It is proposed that other multiple PQ-9 hydroxides might be formed by the interaction of multiple PQ(OH)-9 with 1 O 2 in a reaction pathway that occurs in a similar manner as it is described here for PQ(OH) 2 -9 and PQ(OH) 3 -9. It was previously demonstrated by EPR spectroscopy that the chemical quenching of 1 O 2 by PQ-n exogenously added to spinach PSII membranes decreased with the length of side-chain (Yadav et al., 2010) . It was proposed that the short-chain PQ-n are effective in the chemical quenching Further, two more alternative pathways for consumption of PQ(OH)-9 involve: (1) the reduction of PQ(OH)-9 to hydroxy plastoquinol either by PSII electron transport in chloroplasts (Kruk and Strzalka, 1998) or catalysed by NAD (P)H-dependent quinone oxidoreductase (NDC1) enzyme in plastoglobuli (Eugeni Piller et al., 2011); and (2) the esterification of PQ(OH)-9 to esterified product of PQ(OH)-9 called plastoquinone-B (PQ-B) (Henninger et al., 1966; Barr et al., 1967; Szymanska et al., 2014; Dluzewska et al., 2015) . Obviously, such alternative pathways of consumption of PQ-9 hydroxides that generate the formation of other alternative forms of the multiple PQ-9 hydroxides for example from PQ(OH) 3 -9 cannot be excluded. (Figure 8 ) might be very helpful for future research, in particular the identification, localization and characterization of other oxidation products of plastoquinols in the plant antioxidant system. It is also worth mentioning that plastoquinols and their oxidation products might be involved in the retrograde chloroplast-tonucleus signalling network interconnected with other signalling molecules leading to acclimation responses and programmed cell death.
EXPERIMENTAL PROCEDURES Plant material
In the present work, Arabidopsis thaliana, WT (Columbia-0) and SPS1oex (lines #12 and #3) lines (Ksas et al., 2015) were used. ), temperature of 22°C and humidity 60%.
Chloroplasts preparation
Broken chloroplasts from Arabidopsis were prepared according to Casazza et al. (2001) with some modifications. Leaves were homogenized in 10-20 ml of grinding buffer consisting of 400 mM sorbitol, 5 mM Na-EDTA, 5 mM EGTA, 10 mM NaHCO 3 , 5 mM MgCl 2 •6H 2 O, 20 mM Tricine/NaOH and 0.5% (w/v) bovine serum albumin. The homogenate was rapidly filtered through a double layer of cheesecloth and centrifuged at 2600 g for 3 min at 4°C. The supernatant was discarded and the pellet was resuspended in 1-2 ml of the grinding buffer. Isolated broken chloroplasts were immediately used for measurements. During the isolation procedure, all the steps were carried out in dim light at 4°C.
Plastoquinones with different side-chain length
Plastoquinone-9 was isolated by extraction of pigment from old leaves and direct HPLC separation of the total pigment extract (Kruk and Strzalka, 1998 ). Short-chain plastoquinones (PQ-1 to PQ-4) were a gift from Professor H. Koike (Department of Life Sciences, Himeji Institute of Technology, Hyogo, Japan), while PQ-5 was prepared from dimethylhydroquinone and all-E-pentaprenol (kindly provided by Dr Thomas Netscher, Research and Development, DSMNutritional Products, Basel, Switzerland).
High light exposure
Four-to six-week-old plants were harvested at the light period for experiments (control) or exposed to white light (1000 lmol photons m À2 sec À1 ) in Algaetron AG 230 (Photon Systems Instruments, Dr asov, Czech Republic) for 13 h at a temperature of 8°C ) in plants, broken chloroplasts or chemical system was performed using a LED panel (LED Light Source SL 3500, PSI, Dr asov, Czech Republic). In the chemical system, 1 O 2 formation was induced by illumination of 5 lM Rose Bengal in 40 mM MES-NaOH buffer (pH 6.5) with white light as described previously (Yadav et al., 2010) . • ). As SOSG-EP fluorescence is in the visible range of the spectrum, the detection is convenient compared with other fluorescent probes (indocyanine green) known to absorb in the near-infrared range. As excitation of SPY-LHPox is in the visible range of the spectrum, live cells are minimally damaged compared with other fluorescent probes (diphenyl-1-pyrenylphosphine) known to absorb in the ultraviolet range. Arabidopsis leaf blade cuts (2 9 2 mm) were incubated in the presence of either 50 lM SOSG or 50 lM SPY-LHP and 40 mM HEPES buffer (pH 7.6) in the dark or under red light for 30 min. Afterwards, the samples were visualized by confocal microscope (FV1000, Olympus Czech Group, Prague, Czech Republic). The excitation of both fluorochromes was performed using a 488 nm line of argon laser, and signal was detected by 505-525 nm emission filter set for 1 O 2 or by 505-550 nm emission filter set for ROOH. The proper intensity of the laser was set according to unstained samples at the beginning of each experiment (Sedl a rov a et al., 2011). Post-processing of original images for more clear presentation of results included a threefold increase of contrast in fluorescence channels and setting of signal intensities from initial 0-4095 grades of brightness to 400-1200 for SOSG and 120-800 for SPY-LHP, respectively.
Confocal laser scanning microscopy
Electron paramagnetic resonance spectroscopy
Singlet oxygen formation was determined by EPR spectroscopy employing TMPD probe. Broken chloroplasts at a concentration of 200 lg Chl ml À1 were kept in the dark or illuminated with white light for 30 min in the presence of 50 mM TMPD and 40 mM MESNaOH buffer (pH 6.5). The chemical systems containing PQ-n with different side-chain lengths and Rose Bengal were kept in the dark or illuminated with white light for 5 min in the presence of 50 mM TMPD and 40 mM MES-NaOH buffer (pH 6.5). After illumination, samples were centrifuged at 1000 g for 2 min to separate broken chloroplasts or PQ-n samples from TEMPONE, and measured by EPR spectrometer. Formation of R
• was measured by EPR spintrapping spectroscopy using POBN spin-trap. Broken chloroplasts at a concentration of 200 lg Chl ml À1 were kept in the dark or illuminated with white light (1000 lmol photons m À2 sec
À1
) for 30 min in the presence of 50 mM POBN and 40 mM MES-NaOH buffer (pH 6.5). After illumination, POBN-R adduct EPR spectra were obtained. EPR spectra were recorded using an EPR spectrometer MiniScope MS400 (Magnettech GmbH, Berlin, Germany).
EPR measurement conditions were as follows: microwave power, 10 mW; modulation amplitude, 1 G; modulation frequency, 100 kHz; sweep width, 89 G; scan rate, 1.62 G sec
; gain, 500.
Fluorescence spectroscopy
Organic hydroperoxides formation produced in broken chloroplasts from Arabidopsis was determined by fluorescence spectroscopy using SPY-LHP fluorescence probe as described in Khorobrykh et al. (2011) with some modifications. Broken chloroplasts suspended in 40 mM MES-NaOH buffer (pH 6.5) at a concentration of 200 lg Chl ml À1 were either kept in the dark or illuminated with red light for 30 min in the presence of 2.7 lM SPY-LHP dissolved in absolute ethanol. After incubation, centrifugation of samples at 12 000 g for 3 min at 4°C was performed and supernatant was taken for fluorescence measurement. Plastoquinone-hydroperoxides production was formed by PQ-n with different side-chain length reaction with 1 O 2 generated by Rose Bengal photosensitization, fluorescence spectroscopy was performed using a fluorescent probe SPY-LHP. A solution of 100 lM PQ-n with 5 lM Rose Bengal and 40 mM MES-NaOH buffer (pH 6.5) was illuminated with white light (1000 lmol photons m À2 sec À1 ) for 5 min. After illumination, 2.7 lM SPY-LHP dissolved in absolute ethanol was added and incubated in the dark for 30 min. Samples were centrifuged at 700 g for 3 min and supernatant was used for fluorescence measurement. Fluorescence spectrum (k ex = 488 nm, k em = 500-600 nm) was obtained by fluorescence spectrophotometer Hitachi F4500 (Hitachi, Tokyo, Japan). The intensity of SPY-LHPox fluorescence signal was determined by measuring the relative height of the peak at k = 535 nm.
Determination of prenylquinols using HPLC
Prenylquinols were measured using the method described in Ksas et al. (2015) . Leaf discs were ground for 1 min in 2 ml ethyl acetate with an Ultra-Turrax at 24 000 rpm. After centrifugation at 16 900 g for 3 min, 600 ll of extract was filtered with 0.2 lm PTFE filter. The extract was evaporated under a stream of nitrogen, resuspended in 1 ml of a solution of methanol and hexane in a ratio of 17/1 (v/v) prior to analysis by HPLC-UV/fluorescence. The samples were subjected to reverse phase HPLC using a Phenomenex Kinetex 2.6 lm C18 column (100 9 4.6 mm) operating in the isocratic mode, with mobile phase containing methanol and hexane (17/1, v/v) at a flow rate of 0.8 ml min
À1
. For determination of PQH 2 -9 and PC-8 fluorescence detection was used (k ex = 290 nm, k em = 330 nm). Plastoquinone-9 was measured using absorbance at 255 nm. Plastoquinones and plastochromanol standards were obtained as described previously (Gruszka et al., 2008) .
Determination of plastoquinone-9, hydroxyplastoquinone-9 and trihydroxy-plastoquinone-9 using HPLC Arabidopsis leaves were ground with 2 ml ethyl acetate, the extract evaporated in a stream of nitrogen, dissolved in 400 ll absolute ethanol, and 50 ll of 5 mM ferricyanide was added to oxidize the prenylquinols. After 10 min of incubation, the solution was evaporated to dryness and dissolved in the HPLC solvent. Total (oxidized and reduced) PQ-9 and PQ(OH)-9 were determined using C18 reverse-phase column (Nucleosil 100, 5 lm, 25 9 0.4 cm, Teknokroma, Barcelona, Spain), using mobile phase containing methanol and hexane in a ratio of 17/1 (v/v) at a flow rate of 1 ml min À1 , absorption detection at 255 nm and Pt post-column reduction and fluorescence detection (k ex = 290 nm, k em = 330 nm). Total PQ (OH) 3 -9 was determined using C18 reverse-phase column (Nucleosil 100, 5 lm, 25 9 0.4 cm, Teknokroma, Barcelona, Spain), N 2 -flushed methanol containing 25 mM NaClO 4 as an eluent, flow rate of 1 ml min
, decade electrochemical amperometric detector and VT-03 flowcell (ANTEC Leyden, The Netherlands), À0.3 to À0.4 V reducing potential, and temperature of 25°C. The standard of PQ(OH) 3 -9 was prepared as described in Gruszka et al. (2008) .
Statistical analysis
Origin software (version 8.5.1) was used for statistical analysis. Data represent average and standard deviation values based on the number of total samples (n) taken from at least three independent sample replicates. To calculate significant differences Student's t-test and ANOVA were used (P < 0.05).
SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article. Figure S1 . Effect of the oxidized form of PQ-n with different sidechain lengths on singlet oxygen formed by Rose Bengal photosensitization. Figure S2 . Plastoquinone content in leaves and broken chloroplasts from control and high light-exposed WT and SPS1oex Arabidopsis determined by HPLC. Figure S3 . Plastochromanol-8 content in leaves and broken chloroplasts from control and high light-exposed WT and SPS1oex Arabidopsis determined by HPLC. Figure S4 . Organic hydroperoxides formation in broken chloroplasts from control and high light-exposed WT and SPS1oex Arabidopsis detected by EPR spin-trapping spectroscopy. Figure S5 . Plastoquinone-hydroperoxides formation in PQ-n chemical system by Rose Bengal photosensitization.
